Organic compounds are capable of repelling motile bacteria from marine surfaces. The most effective compounds were acrylamide and benzoic and tannic acids. These were active at concentrations that were'not toxic to the bacteria. Repellents were incorporated in nontoxic paints and applied to metal panels. Treated panels immersed in seawater developed a bacterial film of only 106 bacteria per cm6 after 12 days compared with untreated panels, which had 5 x 1012 bacteria per cm2 after the same period. Field studies confirmed the effectiveness of these repellents. The use of biological repellents provides a new approach to the control of marine fouling.
The sorption of bacteria to surfaces is a widespread phenomenon in natural environments and has important ecological implications (7, 8, 15) . In seawater, the microbial population forms a primary film on surfaces. This film is frequently a prerequisite for the attachment of an invertebrate fouling population (1, 2, 4, 5, 9, 13, 14) . Marshall et al. (8) showed that the attachment of microorganisms to the surface involves production of viscous polymers by the bacteria, which have adhesive properties for fouling larvae (3, 5, 6 ).
Young and Mitchell (16) found that sublethal concentrations of copper and lead repelled motile marine bacteria. The seaweed Sargassum produces tannins that prevent the formation of an epiphytic bacterial population on the branch tips (10) . The current study was initiated to determine whether organic :vepellents in nontoxic concentrations could prevent the formation of the primary bacterial film and be used to control marine fouling.
A wide range of organic compounds was tested to determine their ability to repel motile isolates of marine bacteria. This test was carried out using the quantitative method developed by Adler (1) . The test bacteria used in this study were motile, marine pseudomonads isolated from the Atlantic Ocean. Repellents were dissolved in nutrient broth prepared in artificial seawater. The test substances were intro- broth as the attractant. The number of bacteria in the pipette after incubation was determined by serial dilution in artificial seawater followed by plate counts on seawater nutrient agar (Difco). Repulsion, or negative chemotaxis, was estimated by counting the bacteria entering the capillary containing the test repellent in the presence of nutrient broth.
The most effective repellents were acrylamide, N, N, N', N'-tetramethylethylenediamine, indole, tannic acid, benzoic acid, and phenylthiourea. The threshold activity of these compounds was between 10-7 and 10-6 M. Typical concentration response curves for some of the repellents are shown in Fig. 1 . Optimal concentrations for repulsion were between 10-3 and 10-4 M. Bacterial motility was measured by monitoring the bacteria in a Petroff-Hauser cell under a phase-contrast microscope together with a television camera and a monitor to expand the scale. None of the repellents used affected motility at their optimal repulsion concentrations. Bacterial viability was tested by immersing bacterial suspensions in seawater containing repellents at the same concentrations used in our chemotaxis experiments. The bacteria were allowed to remain in contact with the repellents for 2 h at 30 C before enumeration by dilution plate counts on seawater nutrient agar (Difco). No decline in the bacterial population was observed, indicating that the repellents used were nontoxic to the marine bacteria in our tests.
The relationship between negative chemotaxis and prevention of film formation on surfaces exposed to seawater was tested. Stainlesssteel panels were coated with a nontoxic, neutral oil paint (supplied by the Farboil Paint Co., Baltimore, Md.) supplemented with repellents. Repellents were applied at a concentration of less than 0.5%. This concentration was found to be nontoxic for the test bacteria. The panels were submerged in containers of seawater at 28 C. At each sampling time, the panels were removed from the water, and areas were aseptically scraped with a scalpel and brush into sterile seawater. The bacterial population was estimated by the dilution plate method, with seawater nutrient agar (Difco) as the growth medium. The data (Fig. 2) show that the bacterial population on surfaces painted with unsupplemented paint was 5 x 1012/cm2 after 12 days of immersion. No significant difference was observed after 30 days of immersion. When repellents such as benzoic or tannic acid were mixed with the paint, the bacterial population was only 106/cm2 after the same period. The differences were apparent after 1 day and continued until the experiments were concluded after 30 days.
Field tests of the ability of the repellents to prevent bacterial film formation were carried out in the Atlantic Ocean at Fort Lauderdale, Fla., in water with an average temperature of 26 C. Dilution plate tests with seawater nutrient agar (Difco) were used to estimate bacterial populations in seawater both from Fort Lauderdale, Fla., and Nahant, Mass., during the month of December. The bacterial population in the sea at Fort Lauderdale was found to be 107/ml, which is very high compared with Massachusetts coastal waters with a population of 103/ml.
Painted panels were immersed in the water, and the amount of slime was estimated both gravimetrically and by chemical analysis using the anthrone reagent for polysaccharides. We tested the effect of repellents found to be active in our laboratory studies on slime production in the sea. All of the chemicals were applied at sublethal concentrations (less than 0.5%) in a nontoxic oil-based paint. The results showed that, on panels coated with the paint alone, slime began to accumulate within 4 days, reaching a maximum in 16 days and remaining at that level. Three treatments yielded significant control of slime formation even after 40 days of immersion in the sea ( Table 1 the surrounding water, the panels treated with acrylamide and benzoic and tannic acids were well protected from slime formation. The negative chemotactic response of motile bacteria enables them to move away from unfavorable environments (11) that are not necessarily toxic (12) . This ability of marine bacteria to avoid chemicals can be used as a means to prevent microbial film formation on surfaces. The most commonly used antifouling compounds are heavy metals, which are very toxic and may be hazardous to the biological equilibrium in the marine environment. Repulsion of the film-forming bacteria provides a promising new approach to fouling control using nontoxic chemicals.
